In studies that attempt to measure intracellular calcium ([Ca2"]1) in the intact heart with the calcium indicator indo 1-AM, a fundamental assumption is that the signals report changes in myocyte [Ca2+]i. We studied isolated perfused rabbit hearts loaded with the calcium probe indo 1-AM and recorded surface fluorescence of the left ventricle during continuous excitation at 360 nm. In cells containing indo 1, an increase in [Ca2']j is associated with an increase in fluorescence intensity at 400 nm, a decrease in intensity at 500 nm, and an increase in the 400:500 nm ratio.
T he fluorescent probe indo 1 is a new Ca'sensitive indicator that is currently used to measure intracellular free ionized Ca2+ concentration in multiple cell systems. In comparison with earlier indicators, the newer fluorescent probes such as indo 1 and fura 2 have several advantages, including greater selectivity for Ca2' relative to other 416 Circulation Research Vol 67, No 2, August 1990 [Ca2"]i has the advantages of being independent of the optical path length and intracellular concentration of indo 1 as well as minimizing motion artifact in contracting tissues. The acetoxymethyl ester form of the indicator, indo 1-AM, is very permeable and easily loaded into superfused cells where intracellular esterases release the free acid.
Because of these properties, indo 1 has been proven particularly attractive as a probe to study simultaneous changes in intracellular Ca2' transients and contractility in isolated beating myocytes. 3, 4 Recently, Lee et a13 have shown that cell-permeable indo 1-AM can be loaded into isolated beating rabbit hearts by perfusion and that beat-to-beat [Ca2"]isensitive transients can be detected by fluorimetry of the surface of the heart. 5 Kihara et a16 have subsequently reported regional loading of the luminescent indicator aequorin into whole hearts with the similar aim of correlating changes in [Ca2"]i-sensitive surface transients with mechanical function. Although these studies in whole hearts have been based on the fundamental assumption that the surface signals are reporting changes in myocyte [Ca2"]j, it must be recognized that other cell types may potentially contribute to the [Ca2"]i-sensitive signal. In hearts loaded with indo 1, the role of the endothelium is of interest because the perfusion loading method results in an obligatory exposure of the microvasculature to the probe, and endothelial cells like myocytes are easily loaded with the acetoxymethyl ester form of indo 1.
To study the potential contribution of the endothelial compartment to Ca2+-sensitive fluorescence in whole hearts, we examined the effects of the endothelial agonist bradykinin on fluorescence surface transients and contractility in isolated isovolumic rabbit hearts loaded by perfusion with indo 1-AM. We report that bradykinin consistently caused an immediate elevation of [Ca21]i-sensitive transients in the absence of any change in left ventricular contractility. In addition, the lack of an effect of bradykinin on either the [Ca2"]i signal or contractility was observed in indo 1-loaded isolated myocytes, and induction of an increase in [Ca2+]i was confirmed in indo 1-loaded isolated endothelial cells. Fluorescence microscopy of tissue from indo 1-loaded hearts also suggested the presence of endothelial cell fluorescence. These experiments indicate that multiple cell types, including endothelium, contribute to
[Ca2+]i transients in isolated hearts loaded with the [Ca2+]i-sensitive indicator indo 1-AM.
Methods

Perfusion Technique
Male New Zealand White rabbits weighing 1.5-2.0 kg were used. The animals were given 500 units of heparin intravenously and were anesthetized with 50 mg/kg pentobarbital sodium. The hearts were isolated, and coronary perfusion was initiated via a short cannula that was inserted into the aortic root within 30 seconds of opening the chest. Heart temperature was maintained at 370 C. The hearts were perfused with a modified Krebs-Henseleit buffer of the following composition (in mM): NaCl 118, KCl 4.7, CaCl2 0.6, KH2PO4 1.2, MgSO4 1.2, NaHCO3 25, glucose 5.5, and lactate 1.0, with 0.1% fetal calf serum. The buffer was oxygenated by equilibrating it with a gas mixture of 95% 02-5% C02, which yields a Po2 of 580-620 mm Hg and pH of 7.35-7.45. After the initiation of oxygenated coronary perfusion with a constant flow pump, a small apical drain was placed to vent left ventricular thebesian effluent, and a pulmonary artery cannula was placed to completely collect coronary venous flow and empty the right ventricle. A collapsed latex balloon of slightly larger size than the left ventricular chamber was inserted into the left ventricle via a left atrial incision. A thermistor and pacing electrode were inserted into the right ventricle via the right atrium, and the venae cavae were ligated. This isolated and isovolumic heart perfusion system has been described in detail elsewhere.7
Measurement of Mechanical Function
The left ventricular balloon was filled with bubblefree saline and attached to a Statham P23XL pressure transducer (Spectramed, Oxnard, Calif.) via a short length of stiff polyethylene tubing. The dampening characteristics and the resonant frequency response of this pressure-measuring system have been described by this laboratory8 and satisfy the range required for accurate measurement of ventricular pressure and its first derivative.9 Left ventricular balloon volume was adjusted to achieve a level of left ventricular end-diastolic pressure of 15 mm Hg, and balloon volume was held constant in all experiments. Coronary perfusion pressure was measured from a side arm of the perfusion cannula attached to a Statham P23XL pressure transducer. The rate of coronary perfusion was adjusted at the beginning of the experiment to achieve a physiological coronary perfusion pressure within the range of 70-90 mm Hg, and thereafter, flow was held constant.
Fluorescence Measurements With Indo 1
The instrumentation used to obtain fluorescence measurements from the surface of the heart is described as follows (Figure 1 ). The excitation source consisted of a high-pressure mercury-arc lamp that provides an intense emission peak at 360 nm. Further selection of this excitation peak was made with narrow bandwidth interference filters. The excitation beam was chopped at 360 Hz to decrease bleaching4 and focused on the surface of the heart by using epifluorescence optics and a Fluor 10x objective lens (Nikon Inc., Garden City, N.Y.). The fluorescence light emitted by the illuminated surface of the heart was collected by the objective lens and transmitted to a spectrofluorimeter (FM-1000, Rincon Scientific Instruments, Santa Barbara, Calif.) for simultaneous measurements of both 400and 500-nm wavelengths with two separate photomultiplier tubes. The spec- . Schematic diagram of the fluorescence detection optical system for the whole heart. A mercury-arc lamp provides excitation (solid line) at a narrow emission peak of 360 nm that passes to the heart via a 360-Hz chopper system to a 400-nm dichroic mirror that reflects the excitation beam to a 1Ox objective lens that focuses the excitation beam on the surface of the left ventricle. The fluorescent lightfrom the illuminated area on the surface ofthe heart (wavy line) is collected by the objective lens and delivered by a dicroic mirror (400 nm) to two photomultiplier tubes (PMT-1 and PMT-2) via band-pass (BP) filters centered on 400 and 500 nm. An analog processor generates the ratio of the two fluorescence emission intensities, 400:500 nm, which is proportional to [Ca2+]i. The voltage signals generated by the intensity offluorescence measured at wavelengths of 400 and 500 nm and the analog ratio signal are separately displayed and recorded on a multichannel recorder simultaneous with signals of left ventricular pressure and its first derivative. trofluorimeter provided analog signals representing the fluorescence intensity at both 400 and 500 nm and the ratio of intensity of fluorescence at 400:500 nm. These signals were continuously recorded on a multichannel recorder simultaneous with measurements of left ventricular pressure (Gould, Cleveland). The fluorescence signals were also simultaneously displayed with the left ventricular pressure signal on a monitor screen.
Before indo 1 was loaded, the background autofluorescence of the heart was measured at both wavelengths and nulled electronically. To load the heart with indo 1, the indo 1 acetoxymethyl ester (indo 1-AM, Molecular Probes, Inc., Johnston City, Ore., and Calbiochem Corp., La Jolla, Calif.) was dissolved with sonication in dimethyl sulfoxidepluronic acid (25% wt/vol) in modified Krebs-Henseleit buffer at a final concentration of 5.0 ,uM in the presence of 5% fetal calf serum. The hearts were perfused with this indo 1-AM solution for 20 minutes at room temperature (23-25°C) to permit the lipophilic AM ester form of indo 1 to diffuse into the cells, where cleavage occurs by cytosolic esterases into the [Ca2"]i-sensitive free acid indo 1, which is relatively impermeant. After this loading procedure, a 15-minute period of normothermic perfusion 9370 C) with standard buffer containing 0.6 mM Ca + was performed to wash out any of the indicator not taken up by heart cells. This loading procedure resulted in slight depression of contractile function (< 10% depression of left ventricular developed pressure relative to baseline). After this loading and washout procedure, multiple sites on the left ventricular surface could be sampled by fluorimetry, and great care was always taken not to position the site of excitation on any visible epicardial vessel. The loading procedure described above resulted in an increase in fluorescence intensity at both emission wavelengths by a factor of 15-20-fold compared with baseline background autofluorescence. The time window when transients with a high signal-to-noise ratio could be obtained was about 45-60 minutes after loading, after which time the intensity of fluorescence declined.
Experimental Protocols in Isolated Hearts
The following protocols were performed in isolated rabbit hearts (n=8) loaded with indo 1 as described above.
Effects of altering extracellular calcium. After baseline measurements of left ventricular pressure and fluorescence transients were obtained, the coronary perfusate was switched from the baseline oxygenated buffer solution containing 0.6 mM Ca21 to oxygenated solution containing 3.0 mM Ca2 . Perfusion with buffer containing 3.0 mM Ca21 was continued for 3 minutes, and the coronary perfusate was then returned. to the buffer solution containing 0.6 mM Ca2. Recordings of left ventricular pressure, its first 417 derivative, and coronary perfusion pressure were made continuously with recordings of the fluorescence signals. Perfusion with the baseline buffer solution containing 0.6 mM Ca2' was then continued for at least 5 minutes without another intervention.
Effects of bradykinin. In the presence of 0.6 mM Ca2' buffer, the hearts were abruptly perfused with solution containing bradykinin at a final concentration of 10`M. Perfusion with bradykinin-containing buffer was continued for approximately 5 minutes, and perfusion was then abruptly switched to buffer solution without bradykinin.
Effects of zero Na+. To examine the effects of the alteration of the Na+-Ca2' exchange, the perfusate was abruptly changed to oxygenated buffer containing zero Na+ (choline chloride substitution) in the presence of 0.6 mM Ca2`. Perfusion with this solution was continued for a period of 4-6 minutes before termination of the experiment. In all hearts, this was the final intervention, because recovery of mechanical function was usually incomplete when perfusion with normal buffer was restored.
Preparation of Beating Ventricular Cells
Monolayer cultures of spontaneously beating chick embryo ventricular cells were prepared as previously described.10 In brief, suspensions of isolated ventricular cells were produced by trypsinization of fragments of ventricular muscle. The cell suspension was diluted to 5 x 105 cells/ml in culture medium and placed in small plastic Petri dishes containing glass coverslips. Cultures were incubated in humidified 5% C02-95% air at 370 C. A confluent culture developed by day 3 after preparation at which time over 80% of the cells showed spontaneous contractions. Experiments were performed on days 3 or 4 after culture preparation. To load the cells with indo 1, the cells were exposed for 20 minutes to indo 1-AM at a final concentration of 5 ,uM (see above). After this exposure to indo 1, the cells were washed free of dye for 30 minutes. The cells were then placed in a heated (370 C), superfusion chamber on the stage of an inverted microscope equipped with epifluorescence optics (Nikon Diaphot). The cell image and fluorescence light were collected by a 40x Fluor objective lens and transmitted to the spectrofluorimeter (Rincon FM-1000) attached to the video port of the microscope. The image of the beating cells was obtained by 700-nm illumination via the microscope condenser as described previously4 and monitored with a video camera (model 540, Pulnex, Sunnyvale, Calif.) attached to the spectrofluorimeter. Cell motion was tracked along a selected video monitor raster line. The video signal was processed by video detection system as previously described.10 The analog output of the motion analyzer was recorded continuously with the signals of fluorescence intensity at 400 or 410 nm and 480 or 500 nm as well as the analog signal of the ratio of intensities at the two wavelengths. Details of this fluorimetry system are described elsewhere.4"11
Preparation of Bovine Pulmonary Artery Endothelial Cell Cultures
Layer cultures of bovine endothelial cells were prepared by using methods previously described. 12 Briefly, bovine pulmonary segments (tied off at both ends) were aseptically obtained from a local slaughterhouse, and the arterial lumen was irrigated with Ringer's lactate to remove blood cells. Endothelial cell suspensions were obtained by filling the lumen with 0.2% collagenase (Cooper Biomedical, Freehold, N.J.) in Ca2+-free Hanks' balanced salt solution (pH 7.4) for 15 minutes at 370 C. The artery was gently kneaded to dislodge adherent endothelial cells, and the collagenase-cell suspension was withdrawn from the arterial lumen and was added to an equal volume of medium 199 containing 20% fetal calf serum, penicillin, and streptomycin. The cells were formed into a pellet by centrifugation (500g for 10 minutes) and resuspended in culture media. Primary cultures of confluent endothelial cells, having the characteristic cobblestone appearance, grew over 4-5 days at 370 C in humidified 5% C02-95% air. These were passaged to glass coverslips for subsequent experiments.
Preparation of Collagenase-Dissociated Myocytes
To prepare dissociated adult rabbit ventricular myocytes, a modification of previously described methods was used. 4 Briefly, after mounting the rabbit heart on an aortic cannula as described above, perfusion was initiated with oxygenated Krebs solution containing nominal zero Ca21 for 2 minutes. The perfusate was then switched to nominal zero Ca21 plus collagenase 200 units/100 ml (Cooper), and flow was adjusted to give 80 mm Hg perfusion pressure. Hearts were perfused with recirculated collagenase for approximately 10 minutes, after which perfusion pressures declined. Perfusion was continued for another 1-2 minutes; the hearts were removed and rinsed in zero Ca2' Krebs solution. Cell suspensions were filtered through cheesecloth, centrifuged, and resuspended in Krebs solution combining zero Ca2' and 5% fetal calf serum. Ca 2 was then gradually added to bring [Ca21] to 0.9 mM.
Measurement of Changes in [Ca2+Ji in Isolated
Myocytes and Endothelial Cells
Separate experiments were performed in cultured ventricular chick cells (n =7), collagenase-dissociated myocytes (n=3), and cultured bovine pulmonary artery endothelial cells (n=8). Each system of cells was loaded with the acetoxymethyl ester form of indo 1 as described above, and the cells were then placed in the superfusion chamber of the microscope-based spectrofluorimeter. At baseline, the cells were superfused with modified Krebs-Henseleit buffer solution (pH 7.35-7.40) of the composition described above. To examine the effects of exposure to bradykinin, the superfusate was abruptly switched to solution of identical composition, which also contained 10`M Lorell et al Endothelial Contribution to Ca2' Transients 419 bradykinin. During superfusion with bradykinin, the analog motion signal, the signals of fluorescence intensity at 400 and 500 nm, and the 400:500 nm analog ratio signals were continuously recorded.
Fluorescence Microscopy of Indo 1-Loaded Hearts
Transmural fragments, approximately 5x5 mm, were dissected from the left ventricles of both indo 1 perfusion-loaded and control hearts removed from the perfusion apparatus, and immediately snap frozen in a bath of dry ice and isopentane (2-methylbutane).13 Unstained 8-,um-thick sections, conventionally cut with an A-O cryomicrotome from these frozen pieces of heart, were examined on a Leitz Orthoplan microscope (Wetzlar, FRG) with Ploemopak 2 fluorescence illuminator (mercury lamp) yielding excitation wavelengths of approximately 300-400 ,gm, with a filter that allowed visualization of green fluorescence. The morphology of these sections was compared with that of adjacent frozen sections stained with hematoxylin and eosin examined under bright field microscopy and with unstained sections of hearts not loaded with indo 1. All frozen sections were processed and cut at the same setting in an identical manner.
Statistical Analysis
To examine the effect of a single intervention relative to baseline, paired Student's t tests were used.14
Results
Comparison of Fluorescence Signals and Left Ventricular Function
To assess factors that contribute to the fluorescence signals of indo 1-loaded whole hearts, the effects of Ca2`-induced changes in left ventricular contractility were compared with simultaneous measurements of the fluorescence transients. We first studied the effects of increasing left ventricular contractility by abruptly changing the perfusate [Ca2"] from 0.6 to 3.0 mM. Changes in left ventricular function and simultaneous changes in the signals of fluorescence intensity at 400 nm, 500 nm, and the 400:500 nm ratio are shown in Figure 2 . This figure illustrates that the indo 1-loaded hearts exhibited discrete fluorescence transients, which are coincident with cardiac contraction. During the onset of left ventricular pressure development in each cardiac cycle, there was an increase in the amplitude and peak systolic level of the ratio signal consistent with an increase in systolic [Ca")i. The appearance and time course of the ratio signal was similar to that previously described in indo 1-loaded isolated beating myocytes in that the onset of the signal preceded the onset of contraction by a few milliseconds, and the signal persisted during systolic force development such that the diastolic decay of the transient slightly preceded or was coincident with isovolumic pressure decay.3'4 The increase in perfusate [Ca2"] from 0.6 to 3.0 mM resulted in an increase in contractility evi- dent as an increase in left ventricular developed pressure (180±8% of baseline, p<0.05) and +dP/dt (216±23% of baseline, p<0.05). In one of the eight experiments, there was also an increase in the intrinsic heart rate above the paced heart rate. The increase in contractility that occurred in all experiments was accompanied by a slight increase in fluorescence intensity at 400 nm, a more marked decrease in intensity at 500 nm, and an increase in the peak systolic value (157+4% of baseline,p<0.05) and minimal diastolic value (42+4%, p<O.O5) of the 400:500 nm ratio signal. As shown in Figure 2 , these changes were completely reversible with reperfusion with the baseline 0.6 mM [Ca21] buffer.
To promote an increase in [Ca24]i via alteration of Na+-Ca2' exchange, we abruptly switched the perfusate to a zero Na+-0.6 mM Ca2+ solution. As illustrated in Figure 3 , the response that was seen in all experiments was a loss of beat-to-beat changes in 1 sec 20 sec . Bradykinin consistently caused a slight reduction in coronary perfusion pressure (90% of baseline) consistent with mild coronary vasodilation (not shown). In the absence ofany change in contractility, bradykinin caused an immediate increase in fluorescence intensity at 400 nm, a decrease at 500 nm, and an increase in the systolic and diastolic levels of the 400:500 nm ratio consistent with an increase in [Ca2"],.
These changes in the fluorescence [Ca2+]i-sensitive signals reversed toward baseline with cessation of bradykinin infusion (second arrow). Arguments are presented in the text that suggest that this bradykinin-induced change in the fluorescence signals was related to changes in endothelial cell [Ca2"j. change in left ventricular contractile function, bradykinin infusion caused an increase in fluorescence at 400 nm, a decrease at 500 nm, and an increase in both the systolic and diastolic levels of the 400:500 nm ratio signal in all experiments. In response to bradykinin, there was an increase in the systolic (242+18% of baseline, p<0.05) and diastolic (126+16% of baseline, p<0.05) values of the 400:500 nm ratio signal. Thus, the infusion of bradykinin resulted in both an upward shift of the ratio signal and also an apparent increase in the amplitude (17±5% of baseline, p<0.05) of the ratio transients. This change in the ratio signal was not accompanied by an increase in the net amplitude of the transients at the separate emission wavelengths that would be expected to occur during any increase in true myo- In all experiments, the apparent increase in [Ca' ]' was reversible with reperfusion with bradykinin-free solution. To exclude a fluorescence contribution from the endothelial layer of the visceral pericardium, two additional experiments were performed after gentle removal of the thin membranous visceral pericardium, and fluorescence signals were obtained from this visceral pericardium-free surface. An identical response to that with the pericardium intact was observed with bradykinin infusion. Two other maneuvers were done to evaluate the effects of bradykinin on the fluorescence signals of indo 1loaded hearts. During repetitive 3-minute infusions of bradykinin, an abrupt increase in the [Ca2+]i signal always occurred, but we observed that the magnitude of the increase in the signal decreased with repetitive bradykinin stimulation. In addition, we examined the response of the [Ca>'], signals to prolonged infusion of bradykinin and observed that the fluorescence signals would return toward baseline after 3-4 minutes of continuous bradykinin stimulation in the absence of any change in contractile function.
Effects of Bradykinin oni Isolated Myocytes anid Isolated Endothelial Cells
To confirm that bradykinin exposure has no direct .25~1. n CIOLIL-0 kinin exposure with a time course similar to that observed in the isolated heart experiments.
Fluorescence Microscopy of Indo 1-Loaded Hearts
In sections of left ventricular tissue that had been perfused without indo 1, fluorescence microscopy showed only very faint and homogeneous background fluorescence of myocardial cells with mild enhancement of elastin. In all tissue specimens from indo 1-loaded hearts, there was a visible increase in the intensity of fluorescence of myocytes that was somewhat heterogeneous and was present in all layers of the left ventricle. As shown in Figure 6 , a more striking finding was the presence of very bright foci of fluorescence localized in cells lining the intramyocardial microvasculature, consistent with the presence of fluorescence in microvascular endothelial cells. These bright fluorescent foci in cells lining the microvasculature were not seen in any of the sections from the tissue perfused without indo 1. It should be noted that although these putative endothelial cells occupied a minority of the cross-sectional area of each microscopic section, the intensity of their fluorescence was markedly brighter relative to that of adjacent myocytes.
Discussion
These experiments confirm that [Ca"ji-sensitive fluorescence transients coincident with cardiac contraction can be obtained from isolated beating hearts as well as isolated myocytes loaded with indo 1. However, these experiments yield the new observation that cell types other than myocytes, including endothelial cells, can contribute substantially to [Ca'+]i have also been measured by`9F nuclear magnetic resonance in isolated hearts loaded with F-BAPTA,15 and transients have recently been detected with gated nuclear magnetic resonance techniques. 16 To date, the predominant source of [Ca'+]-sensitive surface signals in the whole heart has been presumed to be beating myocytes, and the potential contribution of other cell types has not been addressed.
Our experiments confirm that perfusion loading of isolated beating rabbit hearts with indo 1-AM permits the detection of [Ca'+]-sensitive transients that are coincident with contraction by fluorimetry of the surface of the heart. This indicates that a component of the surface fluorescence signals is likely to derive from changes in [Ca'+]i in beating myocytes loaded with indo 1. The appearance and time course of these signals are remarkably similar to those that have been observed in isolated myocytes.3 4The duration of the systolic signal is more prolonged than the very abbreviated transients observed with the luminescent probe aequorin, and this may in part be related to a disproportionate sensitivity of aequorin to the peak burst of early systolic Ca'+ release from the sarcoplasmic reticulum.17 In addition, in the whole heart, some prolongation of the surface [Ca'+]i signal probably occurs because of heterogeneity of excitation and contraction in underlying cells. We also confirmed the observation in indo 1-loaded myocytes that the diastolic level of the [Ca'+]i signal depended on the beat-to-beat interval and length of diastole such that transient cessation of pacing and prolongation of diastole was always accompanied by a continued decline of the [Ca'"]i signal to a plateau.45 For this reason, we attempted to maintain a constant paced heart rate and duration of diastole during each intervention.
To determine whether the fluorescence transients that we observed were sensitive to changes in [Ca'4]j, we studied the behavior of the fluorescence signals in response to Ca`4-induced changes in left ventricular contractility. First, the hearts were exposed to an abrupt change in the perfusate Ca2' concentration from 0.6 to 3.0 mM Ca`+. This concentration range was chosen because it produces a clear-cut change in contractility in the isolated rabbit heart without evidence of toxic [Ca'+]I overload such as aftercontractions or ventricular ectopy. This intervention consistently resulted in an increase in left ventricular developed pressure and +dP/dt, which was simultaneous with an increase in the 400: 500 nm ratio signal consistent with an increase in [Ca'+]i. In addition, [Ca'+]i overload was produced by exposing the hearts to abrupt perfusion with zero Na+ solution to alter Na+-Ca2+ exchange.10,'8 This resulted in the rapid develop-ment of a contracture that was accompanied by loss of the beat-to-beat transients in the fluorescence signals and an increase in the resting level of the 400:500 nm ratio signal to a level equal to or higher than the peak systolic value obtained during perfusion with 3.0 mM Ca2'. These changes were similar to the findings observed in isolated indo 1-loaded myocytes in response to exposure to zero Na+.11 These experiments make three important points regarding the interpretation of surface fluorescence signals from indo 1-loaded hearts. First, indo 1loaded whole hearts exhibit fluorescence surface transients that are similar in configuration and timing to fluorescence signals observed in relatively homogeneous systems of isolated myocytes. Second, similar to isolated beating myocytes, the fluorescence transients of indo 1-loaded hearts are sensitive to Ca'+-induced alterations in contractility. Third, as other workers have previously discussed, these beatto-beat Ca2`-induced changes in the fluorescence signals cannot be explained by cardiac motion.4,5 Light scattering caused by motion would be expected to produce changes in the intensity of fluorescence in the same direction at the detected wavelengths of 400 and 500 nm rather than the directionally opposite changes that we observed during beat-to-beat contractions and in response to Ca'+-induced changes in contractility. This point is underscored by the fact that in response to zero Na+, we observed changes in the fluorescence signals consistent with [Ca'+]i overload during the presence of contracture and the absence of any cardiac motion. These findings indicate that a component of the fluorescence transients of indo 1-loaded hearts derives from beating myocytes but do not exclude a contribution of fluorescence from other cell types.
To evaluate the potential for endothelial cells to contribute to fluorescence in indo 1-loaded hearts, we examined the effects of abrupt perfusion with bradykinin. Bradykinin increases endothelial cell [Ca2"]j, which triggers the release of autacoids including endothelium-derived relaxing factor (EDRF) and prostacyclins that promote vasodilation of underlying vascular smooth muscle. [19] [20] [21] In endothelial cells loaded with indo 1 and fura 2, the application of even minute amounts of bradykinin has been shown to cause a dose-dependent rise in [Ca2]i that appears to be related to both release of intracellular stores and extracellular entry. [19] [20] [21] [22] [23] Furthermore, after the application of bradykinin, the rise of [Ca'+]i begins about 3 seconds after exposure, peaks at 5-20 seconds, persists for about 4 minutes, and is temporally followed by the transient release of vasodilatory autacoids. 19, 21 In our experiments, the abrupt onset and the time course of the increase in the [Ca2+]i signal is consistent with prior observations of the effect of bradykinin on [Ca2+]i in endothelial cells. Furthermore, the mild coronary vasodilation that we observed, which was always preceded by the onset of a rise in the [Ca2+]i signal, is consistent with effects of EDRF-mediated coronary vasodilation previously observed in rabbit hearts.24 Further arguments that the bradykininmediated increase in the fluorescence [Ca2]i signal in the intact hearts was related to endothelial cell [Ca 2]i include the following findings. Repetitive brief exposures to bradykinin were accompanied by attenuation of the rise in the [Ca2+]i signal, which is consistent with the well-described effect of "tachyphylaxis" of the [Ca21]i response to repetitive stimulation of isolated endothelial cells with bradykinin. 19 The attenuation of the rise in the [Ca2+]i signal after several minutes of continuous perfusion with bradykinin has also been observed in isolated endothelial cells. 19 Our finding that bradykinin infusion caused changes in the fluorescence [Ca2]i signals in the absence of any change in contractility in the intact heart does not exclude the theoretical possibility that a change in myocyte [Ca21]i did occur, whereas a change in contractility was blunted by a simultaneous change in the myofilament calcium sensitivity.25 Furthermore, the effects of bradykinin on myocyte [Ca2+]i have not been well studied. To study the effects of bradykinin on beating myocytes, both cultured beating chick ventricular cells and collagenase-dissociated isolated rabbit ventricular myocytes loaded with indo 1 were abruptly superfused with bradykinin. In both myocyte systems, bradykinin caused no change in the fluorescence [Ca2+]i transients. In contrast, bradykinin superfusion of indo 1-loaded isolated endothelial cells resulted in an abrupt increase in the [Ca2+]i signal whose time course and magnitude of change were similar to the findings in the intact heart.
We were puzzled at first that changes in the [Ca2+]i signals could be obtained from the surface of the indo 1-loaded heart in response to bradykinin since care was always taken to avoid sampling of a portion of the surface with a visible surface vessel. However, endothelial cells are estimated to compose a large surface area in the heart (1,000 cm2/g). 26 In addition, the perfusion method of loading imposes an obligatory passage of indo 1-AM past the microvascular endothelium before it has access to myocytes. To further examine the relative contributions of fluorescence of myocytes and endothelial cells, we performed fluorescence microscopy on frozen sections of left ventricular tissue from hearts in the presence and absence of indo 1 loading. All sections from indo 1-loaded tissue exhibited an increase in the fluorescence of striated myocytes in comparison with the very faint background autofluorescence of the unloaded tissue sections. However, in the indo 1loaded tissue, intense fluorescence was observed in cells lining the microvasculature compared with adjacent myocytes. This finding of cells lining the microvasculature with the appearance of intensely fluorescent "light bulbs" relative to adjacent myocardium was never detected in tissue sections that were free of indo 1 loading. These findings from experimentation and microscopy taken together suggest that endothelial cells as well as beating myocytes can contribute to [Ca2+]1-sensitive fluorescence transients in indo 1-loaded isolated hearts. Several limitations of these experiments should be noted. First, further studies are necessary to determine whether endothelial cells in addition to myocytes contribute to [Ca"+i-sensitive transients in other species and with the use of other [Ca'+]i indicators. In this regard, preliminary studies suggest that bradykinin does not cause a change in [Ca'+]i-sensitive luminescence in ferret hearts regionally loaded with aequorin (J.P. Morgan, personal communication, 1990). Second, our studies do not exclude the possibility that additional cellular compartments, such as vascular smooth muscle, may contribute to [Ca2+,] signals in the intact heart. Third, our findings describe the behavior of fluorescence transients of the left ventricular surface whose contractile behavior and regulation of intracellular cations may differ from the midwall and subendocardium, particularly during In the intact heart, the potential contribution of endothelial cells further confounds the issue of calibration. In isolated indo 1-loaded endothelial cells, Luckoff et al19 have reported resting [Ca2+i] levels in the range of 125 nM, which is very similar to resting levels in quiescent myocytes. In the intact heart under well-oxygenated conditions, estimations of myocyte diastolic [Ca2+i] levels would be minimally distorted by the similar baseline [Ca2+]i levels of endothelial cells. However, the presence of nonbeating fluorescing cells in the excited field would tend to lower the calculated peak systolic level. This may contribute to our observation, which was also evident in the report of Lee et al,5 that the [Ca2+i] transients in whole hearts loaded with indo 1-AM are small in amplitude relative to the total fluorescence. Endothelial cells may also profoundly alter the behavior of surface [Ca2+]i signals when endothelial cell [Ca2+i] is increased above baseline. For example, Luckoff and others have reported that bradykinin triggers a rise in endothelial [Ca2+i] to levels above 600 nM.19-23 This is a substantive increase that approaches the peak systolic levels of [Ca2+]i in well-oxygenated myocytes. In the intact heart, a substantial increase in [Ca2+i] in the endothelial compartment tends to cause an upward shift in the entire [Ca'+]i ratio signal, similar to a change in the "offset" of the system. Furthermore, in our experiments, changes in [Ca"+]. in the endothelial compartment caused not only an upward shift of the entire ratio signal but also an apparent increase in the amplitude of the ratio transient. Our experiments provide evidence that these changes in ratio amplitude did not reflect an increase in phasic myocyte [Ca'+]j, but were instead related to a shift in the absolute values of basal fluorescence at the two wavelengths. These findings may also help explain some of the apparent discrepancies in the time course and magnitude of the increases in diastolic [Ca'+]i detected in myocardial tissue subjected to ischemia or metabolic inhibition.4,6'11516,31-34 Experiments using the nuclear magnetic resonance probe F-BAPTA suggest that ischemia produces an increase in [Ca'+]l after 10-15 minutes with no change during the initial minutes of ischemia.15,31 Allen et a132 studied the effects of simulated ischemia (nitrogen gas perfusion) in paced ferret papillary muscles loaded with aequorin and observed a reduction in amplitude of the Ca2`transients over the first 5-10 minutes fol- Further studies will be necessary to define those conditions under which cell types other than myocytes may contribute to [Ca2+]i signals derived from the surface of whole hearts. In the isolated heart loaded with indo 1, the discrimination of changes in [Ca2+i] in myocytes distinct from endothelial cells may be possible by the development of methods to eliminate the signal from the endothelial cell compartment or the development of loading techniques alternative to coronary arterial perfusion. These considerations also raise the possibility that indo 1 loading of the intact heart may be exploited to study changes in endothelial [Ca2"]I regulation and autacoid release, as well as myocardial [Ca2"]i regulation.
